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Introduction {#sec005}
============

Alzheimer's disease (AD) and age-related macular degeneration (AMD) are common neurodegenerative diseases associated with advanced age which share numerous pathological and mechanistic features \[[@pone.0223199.ref001]--[@pone.0223199.ref003]\]. Notably, both AD and AMD are histopathologically characterized by abnormal extracellular deposits. In AD, senile plaques composed primarily of amyloid-β (Aβ) form throughout the central nervous system (CNS) cortex and hippocampus \[[@pone.0223199.ref002]\]. These plaques are associated with neuronal dysfunction and cell death leading to progressive cognitive decline and memory loss. In AMD, lipoproteinaceous immune deposits called drusen form between the retinal pigment epithelium (RPE) and Bruch's membrane (BrM). The presence of drusen is associated with photoreceptor dysfunction and loss through either an atrophic ("dry" AMD) or exudative ("wet" AMD) process that results in progressive visual decline. Interestingly, senile plaques and drusen have been shown to have many common constituents, including Aβ, apolipoprotein E (APOE), and complement immune components \[[@pone.0223199.ref004]--[@pone.0223199.ref007]\]. These findings, along with shared environmental risk factors for AD and AMD including advanced age, cigarette smoking, and hyperlipidemia associated with a Western diet, have led to the hypothesis that these diseases may have a common underlying pathophysiology \[[@pone.0223199.ref001]\]. The presence of abnormal extracellular deposits, specifically senile plaques in AD and drusen in AMD, may result in chronic inflammation and oxidative stress that damage surrounding tissues; however, the elucidation of precise mechanisms and development of targeted treatments have remained elusive.

Demonstrating an association or lack of association between AD and AMD would provide the rationale for future work investigating common and divergent features of AD and AMD, as well as drive therapeutic translation across diseases. For example, it may suggest the addition of clinical endpoints to ongoing trials related to both conditions to determine whether therapeutic agents for one condition have any treatment effect on the other condition. It would also justify longitudinal studies aimed to better understand whether these diseases co-develop synchronously or whether one disease may represent a risk factor for the other. Furthermore, patient care would be impacted, as health care providers could inform patients of the likelihood of increased risk for associated disease given a single diagnosis of either AD or AMD.

Unfortunately, demonstrating an association between AD and AMD has proven difficult, and previous studies have generated conflicting results \[[@pone.0223199.ref008]--[@pone.0223199.ref014]\]. A major limitation of all prior work investigating the association of AD and AMD was the reliance on clinical criteria to diagnose AD. There are standardized clinical criteria for AD diagnosis (National Institute of Aging-Alzheimer Association Criteria), and research on imaging, blood, and cerebrospinal fluid (CSF)-based biomarkers to support the clinical impression is rapidly advancing \[[@pone.0223199.ref015]\]. However, the gold standard for AD diagnosis remains the neurohistopathology analysis. A recent study showed that the sensitivity and specificity of a clinical diagnosis of "probable AD", representing the highest level of confidence under the previously-used National Institute of Neurological and Communicative Disorders and Stroke (NINCDS) criteria, is approximately 71% when compared to the gold standard of neuropathological diagnosis \[[@pone.0223199.ref016]\]. Furthermore, the AD population in previous studies has potentially been biased towards milder disease, as patients with advanced dementia may be less likely to seek or receive ophthalmic or other healthcare \[[@pone.0223199.ref011], [@pone.0223199.ref017], [@pone.0223199.ref018]\].

Given these limitations of previous studies, the purpose of our work was to employ histopathological analysis of eye and brain autopsy specimens with the main goal to determine whether the comorbidity rate of AMD is significantly greater in patients with a neuropathological diagnosis of AD than in age-matched patients without AD. The main advantage of this methodology is that it employs the gold-standard pathological diagnosis for AD and evaluation of stages of AMD and AD. A second advantage is the ability to sample the full spectrum of AD. In addition to the primary goal, analysis of eye and brain pathology reports along with patient records enabled investigation of the association between AD and other degenerative diseases including glaucoma and other dementias.

Methods {#sec006}
=======

Histopathology specimens {#sec007}
------------------------

Pathologic specimens of eyes and brains of autopsy subjects aged 75 and above that presented to Duke University Medical Center were prepared and histologically analyzed by methods previously described \[[@pone.0223199.ref019], [@pone.0223199.ref020]\]. This age cutoff was chosen because the incidence of both AMD and AD increase significantly after age 75 \[[@pone.0223199.ref021], [@pone.0223199.ref022]\]. AMD severity was graded in a minimum of 5 eye sections per eye by a board-certified ophthalmic pathologist (AL) as previously detailed by Sarks \[[@pone.0223199.ref023]\] \[**[Fig 1](#pone.0223199.g001){ref-type="fig"}**\]. AD was graded in brain specimens by neuropathologists as previously described by Braak and Braak \[[@pone.0223199.ref024]\] and in accordance with the National Institute on Aging-Alzheimer's Association and the Consortium to Establish a Registry for Alzheimer's Disease (CERAD) guidelines \[[@pone.0223199.ref012], [@pone.0223199.ref025]\]. For the purposes of our study, AMD was defined as Sarks grades III-VI, corresponding to intermediate to severe clinical AMD; the diagnosis of AMD was further classified as either "early" (Sarks grades III & IV) or "late" (Sarks grades V & VI). For cases with discrepant stages between the two eyes, the higher Sarks score for AMD was considered in the analysis. AD was defined as Braak and Braak Stage III-VI with "moderate" or "frequent" neuritic plaque density, representing CERAD 2 or 3 scores \[[@pone.0223199.ref012]\]. AD cases were further grouped into the categories of "Early AD" (Braak and Braak Stages III-IV) and "Late AD" (Braak and Braak Stages V-VI). The histopathologic diagnosis of advanced glaucoma was made when the following were observed: sparse retinal ganglion cells, diminished size of optic nerve axon bundles, and fibrotic thickening or "cupping" of the optic nerve \[[@pone.0223199.ref026]\]. "Non-AD dementia" included any other dementia with neuropathology features characteristic of frontotemporal degeneration, Lewy body disease, Parkinson's disease, or hippocampal sclerosis. Cerebrovascular atherosclerosis (CVA) was defined as the evidence of moderate to severe CNS atherosclerosis. The use of autopsy eyes and brain tissue for research was approved by the Institutional Review Board of Duke University. The need for participant consent was waived by the Institutional Review Board for this decedent research, as all research subjects are deceased, and all personal health information was used solely for research and was not disclosed to anyone outside Duke University without removing all identifiers.

![Diagram illustrating the Sarks stages of AMD.\
**a** Sarks I: normal control. **b** Sarks II: few small drusen. **c** Sarks III: early AMD with thin continuous sub-RPE deposits. **d** Sarks IV: intermediate AMD with thick sub-RPE deposits overlying degenerating choriocapillaries. **e** Sarks V: geographic atrophy. **f** Sarks V: choroidal neovascularization. **g** Sarks VI: disciform scar. NFL = Nerve Fiber Layer, GCL = Ganglion Cell Layer, IPL = Inner Plexiform Layer, INL = Inner Nuclear Layer, OPL = Outer Plexiform Layer, ONL = Outer Nuclear Layer, PR = Photoreceptors, RPE = Retinal Pigment Epithelium, BM = Bruch's Membrane, chor = choroid. Reprinted under a CC BY license, with permission from publisher SpringerNature, original copyright 2014 \[[@pone.0223199.ref027]\].](pone.0223199.g001){#pone.0223199.g001}

Chart review {#sec008}
------------

Patient data including demographic factors and comorbidities were obtained from the patient chart in the EPIC MaestroCare electronic medical record system of Duke University Medical Center. Patient comorbidities (cardiovascular disease, hypertension, diabetes, depression) were defined by their presence in the patient's medical problem list.

Statistical analyses {#sec009}
--------------------

An independent samples t-test was performed to compare the average age of patients in the AD and control study groups. A one-tailed z-test for two population proportions was conducted to determine any significant difference in AMD co-prevalence between the AD and control cohorts; two-tailed tests were used to assess all other demographic factors and potential disease associations. In addition, chi-squared tests of independence were performed to assess the comorbidity rate of AMD and AD, as well as the relationship between severity of each disease in the presence of the other. To further characterize the likelihood of AMD given an AD diagnosis, cases were divided into "Early AD" (Braak and Braak Stages III-IV) and "Late AD" (Braak and Braak Stages V-VI) cohorts, and odds ratios with 95% confidence intervals were calculated between each of these groups. Significance was defined as p\<0.05 for all analyses. The primary analysis was the comparison between AMD prevalence in AD vs. controls. As other analyses were considered exploratory, a correction for multiple comparisons was not applied in the secondary analyses. Analyses were performed in SAS 9.3 (SAS Institute, Cary NC).

Results {#sec010}
=======

Eye and brain samples from 115 AD and 57 control patients were identified and histopathologically staged for AMD and AD. Among the control cohort, 36 cases were Braak & Braak Stage 0, 7 were Stage I, and 14 were Stage II; within the AD cohort, 42 cases were Braak Stage III, 30 were Braak Stage IV, 31 were Braak Stage V, and 12 were Braak Stage VI \[**[Table 1](#pone.0223199.t001){ref-type="table"}**\]. Overall the age and race distributions between the two groups were similar (t = -0.211, p = 0.833; AD mean 86.8 years, ages 75--103, 86.1% white vs. control mean 86.6 years, ages 76--101, 78.9% white) \[**[Table 1](#pone.0223199.t001){ref-type="table"}**\]. The gender distribution was significantly different between the groups, with a higher preponderance of female patients in the AD than the non-AD group (p = 0.032, AD 66.1% female, control 49.1% female) \[**[Table 1](#pone.0223199.t001){ref-type="table"}**\]. The two cohorts were found to be similar with respect to co-morbidities including diabetes (p = 0.232) and hypertension (p = 0.353) \[**[Table 1](#pone.0223199.t001){ref-type="table"}**\].

10.1371/journal.pone.0223199.t001

###### Demographic characteristics of the cohort.

![](pone.0223199.t001){#pone.0223199.t001g}

  -------------------------------------------------------------------
                          Control (n = 57)   AD (n = 115)   p-value
  ----------------------- ------------------ -------------- ---------
  **Demographic data**                                      

  Age (years, SD)         86.6 (5.9)         86.8 (5.7)     0.833

  Gender (% female)       49.1               66.1           0.032

  Race (% white)          78.9               86.1           0.232

  **Systemic chronic**\                                     
  **disease data (%)**                                      

  Diabetes                21.0               13.9           0.232

  Hypertension            43.8               36.5           0.353

  Depression              7.0                13.0           0.235

  Smoking                 0.0                1.7            0.316

  **Braak & Braak**\                                        
  **AD staging (%)**                                        

  Stage 0                 63.2               \-             \-

  Stage I                 12.3               \-             \-

  Stage II                24.6               \-             \-

  Stage III               \-                 36.5           \-

  Stage IV                \-                 26.1           \-

  Stage V                 \-                 27.0           \-

  Stage VI                \-                 10.4           \-
  -------------------------------------------------------------------

There was no significant difference in AMD rate between AD patients and controls (z = 0.820, p = 0.794; 53.0% vs. 59.6%) \[**[Table 2](#pone.0223199.t002){ref-type="table"}**\]. Furthermore, AMD severity as determined by Sarks score was similar between AD patients and controls (χ^2^ = 2.96, p = 0.706), or between "early" and "late" AD (χ^2^ = 5.60, p = 0.848) \[**[Fig 2](#pone.0223199.g002){ref-type="fig"}**\]. Likewise, we did not find an association between Braak staging of AD and AMD (χ^2^ = 4.55, p = 0.602), even when stratified by "early" and "late" AD (χ^2^ = 5.16, p = 0.523) \[**[Table 3](#pone.0223199.t003){ref-type="table"}, [Fig 3](#pone.0223199.g003){ref-type="fig"}**\].

![AMD severity in Alzheimer's disease patients vs. controls.\
**A** There was no significant difference in AMD severity between AD patients and controls across the spectrum of AMD as characterized by Sarks staging. AMD was defined as Sarks stages III-VI. A chi-squared test of independence was used to determine whether there was a correlation between AD diagnosis and Sarks score and was not significant at p = 0.05. **B** No significant relationship between AMD severity and AD was observed even after classifying AD cases into "early" (Braak and Braak stages III & IV) and "late" AD (Braak and Braak stages V & VI).](pone.0223199.g002){#pone.0223199.g002}

![AMD prevalence by Braak and Braak Alzheimer's staging.\
**A** The prevalence of AMD did not increase with Alzheimer's severity by Braak and Braak criteria. The prevalence of AMD was highest (71.4%) in patients without AD per histopathologic criteria (Braak and Braak stages I-II) and was similar between control patients (59.6%) and severe AD patients (55.8%; Braak and Braak V-VI). No association was found between AMD prevalence and Braak and Braak AD stage by a chi-squared test of independence (p = 0.05). **B** No significant relationship between AD severity and AMD was observed even after further characterizing AMD into "early" (stages III & IV) and "late" disease (stages V & VI).](pone.0223199.g003){#pone.0223199.g003}

10.1371/journal.pone.0223199.t002

###### Ophthalmic and neuropathologic diagnoses.

![](pone.0223199.t002){#pone.0223199.t002g}

                                      Control (n = 57)   AD (n = 115)   p-value
  ----------------------------------- ------------------ -------------- -----------
  **Ophthalmologic diagnoses (%)**                                      
  **AMD**                             **59.6**           **53.0**       **0.794**
  Severe glaucoma                     17.5               13.9           0.412
  **Neuropathologic diagnoses (%)**                                     
  Non-AD dementia                     61.4               53.9           0.351
  Cerebrovascular Atherosclerosis     54.5               61.7           0.355

10.1371/journal.pone.0223199.t003

###### Association between AD stages and AMD.

![](pone.0223199.t003){#pone.0223199.t003g}

                                n    AMD Prevalence (%)   Odds Ratio (95% CI)   p-value
  ----------------------------- ---- -------------------- --------------------- ---------
  **No AD (Braak 0-II)**        34   59.6                 1.00                  \-
  **Early AD (Braak III-IV)**   37   51.4                 0.72 (0.35--1.44)     0.350
  **Late AD (Braak V-VI)**      24   55.8                 0.85 (0.38--1.90)     0.700
  **All AD (Braak III-VI)**     61   53.0                 0.76 (0.40--1.45)     0.413

A secondary goal of this study was to employ the database of cases with matched eye and brain pathology reports to investigate the prevalence of glaucoma and other neuropathological diagnoses in the cohort of AD patients and non-AD controls over age 75 \[**[Table 2](#pone.0223199.t002){ref-type="table"}**\]. Comorbidity rates of advanced glaucoma, the only stage of glaucoma that can be reliability diagnosed via histopathology analysis, were similar between AD patients and controls (13.9% vs. 17.5%, p = 0.412). Likewise, frequency of cerebrovascular atherosclerosis and other dementias (Lewy body, Parkinson's disease, frontotemporal, or hippocampal sclerosis) did not differ significantly between the groups \[**[Table 2](#pone.0223199.t002){ref-type="table"}**\].

Discussion {#sec011}
==========

To our knowledge, this represents the first study exploring the association between AD and AMD in a population age 75 and older which employed histopathological analysis to provide a definitive postmortem diagnosis and staging of these two important aging diseases. Overall, the comorbidity rate of AMD observed in both the aged AD and the non-AD groups in this study was greater than 50%, and the average patient age at death was approximately 87 years. This was higher than previous estimates that the combined prevalence of early and late AMD in white Americans and Europeans aged 85 years and older approached 45% \[[@pone.0223199.ref001], [@pone.0223199.ref028]\]. Interestingly, our cohort was approximately 20% non-white. Though this difference can be attributed to the increased sensitivity of histopathology over that of the clinical exam in diagnosing AMD, it also raises the question of whether AMD is under-diagnosed in non-white populations.

Notably, there was no significant difference in AMD comorbidity between AD and non-AD subjects. This result supports the conclusion that, in spite of the mechanistic and histopathological similarities between AD and AMD, these diseases are not associated with each other at the individual level. Our results are in agreement with two recent studies that employed markedly different methodologies. In a large record linkage study of hospital admissions, Keenan et al. included 65,894 patients in the AMD cohort, 168,092 patients in the AD cohort and used a reference cohort of over \>7.7 million patients, all constructed from English National Health Service electronic records \[[@pone.0223199.ref011]\]. Most AMD hospital admissions in this study consisted of patients with neovascular AMD receiving intravitreal anti-VEGF therapy. This study did not find an increased risk of a subsequent hospital admission for AMD given a diagnosis of AD. In fact, there was a reduced risk of admission attributed to possible barriers to care for patients with dementia. A limitation of this study was that it mainly examined the potential association between AD and the neovascular form of AMD and not between the most common dry form of AMD. The authors further acknowledge that this AD cohort was likely to include other types of dementia, given the possible variability in diagnostic coding by various physicians. Strengths of this work included its large sample size and controlling for potential confounding factors such as socioeconomic status.

Similarly, in a large case-control study, Williams and colleagues found no increased prevalence of AMD in AD cases versus controls after correcting for age alone or age, smoking, and *APOE* ɛ4ɛ4 or ɛ3ɛ4 genotype \[[@pone.0223199.ref010]\]. This particular work included 258 AD cases defined by NINCDS criteria and 322 control patients. AMD grade was determined through masked examination of dilated retinal photographs centered on the macula using a modification of the system employed in the Rotterdam studies \[[@pone.0223199.ref029]\]. Weaknesses of this study included the fact that a greater proportion of AD cases (19.4%) than controls (12.1%) had ungradable retinal photographs. Indeed, if advanced AMD was over-represented amongst the ungradable AD group, the association between AD and AMD could have been under-estimated. Furthermore, a clinical diagnosis alone is not sufficient to determine the co-prevalence between AMD and AD. Clinically diagnosing AD is difficult and requires access to specialists and numerous imaging and laboratory tests \[[@pone.0223199.ref015]\]. Previous work supports that some individuals exhibit extraordinary cognitive resilience in that they do not present clinically with cognitive changes despite substantial burden of pathological AD changes in the brain. Furthermore, the AD population in previous clinical studies had a high likelihood of being biased towards milder disease, as patients with advanced dementia are less likely to receive coordinated care \[[@pone.0223199.ref011], [@pone.0223199.ref017], [@pone.0223199.ref018]\].

The Rotterdam study by Klaver et al., which measured the rate of incident clinically diagnosed AD in 1,438 patients with known AMD status over a four-year period, revealed that patients with advanced AMD had an increased risk of incident AD (RR = 2.1, 95% CI: 1.1--4.3). However, this increase became insignificant after controlling for age, gender, smoking, and atherosclerosis (RR = 1.5, 95% CI: 0.6--3.5) \[[@pone.0223199.ref008]\]. A number of additional studies have suggested a possible association between AMD and cognitive impairment; however, none of these publications specifically addressed the biases of a clinical diagnosis of Alzheimer dementia \[[@pone.0223199.ref009], [@pone.0223199.ref013], [@pone.0223199.ref014]\].

While an association between vision loss and cognitive impairment clearly exists, our current results and the two large case control studies cited above suggest a lack of a substantive co-prevalence between AD and AMD diagnoses \[[@pone.0223199.ref010], [@pone.0223199.ref011], [@pone.0223199.ref030]\]. Taken together, these findings support the notion that the epidemiological link between AMD and cognitive impairment arises because vision loss affects cognitive processes or the presentation of cognitive decline, rather than that the two diseases arise concurrently due to shared underlying pathology \[[@pone.0223199.ref031]\]. Genetic evidence also supports the notion that AD and AMD may have distinct pathophysiology in spite of their biochemical and histological similarities. AD and AMD appear to have essentially independent genetic risk profiles \[[@pone.0223199.ref001], [@pone.0223199.ref032]--[@pone.0223199.ref034]\]. Major AMD genetic risk associations including polymorphisms in complement factor H, locus LOC387715/age-related maculopathy susceptibility 2 (*ARMS2*), and high-temperature requirement factor A1 (*HTRA1*) are not associated to AD \[[@pone.0223199.ref001], [@pone.0223199.ref033], [@pone.0223199.ref035]\]. Furthermore, *APOE* genotype appears to have opposite effects on disease risk profiles between AD and AMD. The *APOE*-ɛ4 allele has been shown to increase the risk of AD and cardiovascular disease but to be protective for AMD, while the converse appears to be true for the *APOE*-ɛ2 allele \[[@pone.0223199.ref001], [@pone.0223199.ref003], [@pone.0223199.ref036]\]. Our results, which show no significant association between AD and AMD at the individual level, are concordant with these diseases having separate genetic risk profiles.

Our results have additional potential implications for AD and AMD therapeutics. Presuming numerous common mechanistic features between these diseases, there has been optimism that therapies developed for one could be translated effectively to the other. Indeed, in a mouse model of AMD, an anti-Aβ therapy originally developed for AD prevented visual functional decline and development of AMD-like pathology \[[@pone.0223199.ref037]\]. Despite their success in animal models, anti-amyloid therapies have been less promising in humans, with recent high-profile failures of phase 2 and 3 trials in AMD and AD; however, some trials are still ongoing in AMD and patients at risk of AD development but without symptoms of dementia \[[@pone.0223199.ref038]--[@pone.0223199.ref040]\]. Our current results indicate that translation of anti-amyloid therapeutics successfully from AD to AMD or vice versa may be more challenging than previously suggested by animal studies.

In addition to the primary goal to evaluate the association between AD and AMD, we sought to fully utilize the dataset of matched eye and neuropathology pathology reports to assess potential associations of AD with other eye and CNS pathology. Similar to AMD, glaucoma is a common, multifactorial disease associated with aging that represents a leading cause of irreversible vision loss. Glaucoma is a progressive optic neuropathy that is generally considered to be a neurodegenerative disease given its characteristic features such as the selective loss of neuron populations, specifically of the retinal ganglion cells, and trans-synaptic degeneration occurring in the lateral geniculate nucleus and visual cortex \[[@pone.0223199.ref041], [@pone.0223199.ref042]\]. Some researchers have postulated that glaucoma may be associated with CNS neurodegenerative diseases and AD in particular; indeed, a significantly increased prevalence of glaucoma in AD patients compared to non-AD controls has been suggested by small clinical studies conducted in Europe by Bayer et al. (26% in AD vs. 5% in controls) and Japan by Tamura et al. (24% vs. 10%) \[[@pone.0223199.ref043], [@pone.0223199.ref044]\]. The current study did not show any significant difference in prevalence of advanced glaucoma between AD patients and controls. Elucidating any potential association between glaucoma and AD remains an opportunity for further research.

Strengths and limitations {#sec012}
-------------------------

The current work was limited by the sample size, which was smaller than for other clinical or health outcomes studies. This was due to the inclusion of autopsy patients over age 75, an age chosen *a priori* with the goal to study the population affected by aging diseases such as AMD and AD, as well as the access to cases for which both eyes and brain specimens with neuropathology characterization were also available. Second, we were not able to correct for certain known AD and AMD risk associations such as *APOE* genotype, as this history was unavailable for a large number of the autopsy cases analyzed. Third, this study relied on Braak and Braak staging to determine severity of AD. Though this method is commonly used in exploratory research studies, future studies may benefit from leveraging other pathologic criteria such as the Thal stages of amyloid deposition, positron emission tomography and *in vivo* amyloid imaging techniques currently in development \[[@pone.0223199.ref045], [@pone.0223199.ref046]\].

Finally, we noted a number of differences in demographics and comorbidities between the AD and control cohorts. The AD cohort comprised a significantly greater female proportion. This difference was considered acceptable, as previous work has shown that while AMD prevalence increases exponentially with age, there is no significant difference by gender \[[@pone.0223199.ref047]\]. The incidence of both diabetes and hypertension was significantly higher in the control than the AD group. This was unexpected, as some studies have suggested that diabetes and hypertension are risk factors for AD \[[@pone.0223199.ref048], [@pone.0223199.ref049]\]. Since the comorbidity data relied on chart review, it is possible that AD patients were less likely to have hypertension or diabetes noted in their problem list than control patients and that these comorbidities were not actually unequally represented between the groups. In addition, the evidence implicating hypertension or diabetes as risk factors for AMD remains weak and inconsistent \[[@pone.0223199.ref028], [@pone.0223199.ref050]\]. To control for the imbalances in demographics and comorbidities noted between the AD and non-AD group, a future direction would be the calculation of AMD prevalence from the electronic data in a cohort of control patients with the same demographics as the AD group.

The strengths of the current study lie in the use of an unbiased sample of patients presenting for autopsy, utilization of the gold standard histopathologic diagnosis of AD and ability to sample the full spectrum of both AD and AMD stages through pathology characterization.

In conclusion, this study represents the first comorbidity study exploring the association between AD and AMD that used an unbiased sample generated through histopathological analysis to definitively diagnose AD. It demonstrated the lack of association between AD and AMD, which is consistent with the findings of several recent clinical studies \[[@pone.0223199.ref010], [@pone.0223199.ref011]\]. Though AD and AMD seemingly share numerous features including an association with aging, common risk factors, and extracellular lesions containing Aβ and complement components, our results suggest the pathophysiology of these diseases is likely distinct. Aforementioned genetic studies further support this conclusion \[[@pone.0223199.ref001], [@pone.0223199.ref003], [@pone.0223199.ref033], [@pone.0223199.ref035], [@pone.0223199.ref036]\]. Though we did not observe any association between AD and AMD, there may be other ocular manifestations of the pathologic process occurring in AD. Identifying retinal biomarkers of AD appears promising and remains an area of active research \[[@pone.0223199.ref051], [@pone.0223199.ref052]\]. Potentially, due to recent advances in ocular imaging, the retina can provide a non-invasive means to earlier and more accurate diagnosis of AD.

We would like to thank Brenda Dudzinski, who assisted with the creation of the autopsy database of cases; Christine Hulette, MD, who performed the neuropathologic diagnosis and AD grading of brain specimens; and Alan Proia, MD, PhD, who performed the histopathologic evaluation and AMD grading of eye specimens used in this study.
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5\. Please include captions for your Supporting Information files at the end of your manuscript, and update any in-text citations to match accordingly. Please see our Supporting Information guidelines for more information: <http://journals.plos.org/plosone/s/supporting-information>.

Additional Editor Comments:

This manuscript presented a retrospective pathology-based case-control study which investigates whether there is association between Alzheimer\'s disease (AD) and age-related macular degeneration (AMD). The study did not find a statistically significant association between AD and AMD and suggested that any shared characteristics between the two disease may be nondeterministic. This work received favorable review from expert reviewers and minor revision is recommended to address the issues raised by the reviewers.

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Partly

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: I Don\'t Know

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: This is study on a very important question in the field of neurodegeneration both for AMD and for Alzheimer.

The study is rather well done and the literature review and context placement is very well done. The authors note the limitations very well which are unavoidable in a study fo this nature that requires Brian and eye autopsy specimens. Thus despite the limitations this study adds significantly to our knowledge.

One eadditional control that may be added is that of a the AMD prevalence in a cohort of controls patients form the electronic data record with the same demographics as the AD autopsy group to cover for the imbalances noted by the authors in their control group. Of course this will have its own limitations but it will be nice t know this information if possible.

Thank you

Reviewer \#2: This paper is a clearly written description of a methodologically rigorous study on an important topic. As the authors outline, the use of often elusive histopathological diagnoses makes this paper an impactful contribution to the field. It contains sufficient statistical information in general (though I wonder why the test statistic was given for chi-squared tests but not for t-tests), and thoughtful reflection in the discussion. I commend this write up as an excellent example of being as close to publication-ready as a submission can be. Well done!

\- On page 15, line 310, change \"Alike\...\" to \"Like\...\" or similar.

\- Some figures - if cost and space allow, which they may not - of examples of the histopathological findings would be engaging. Not essential.

\- In the section, at the end of pages 14 and beginning of page 15, on the lack of shared polymorphisms between AMD and AD, consider citing this: Am J Geriatr Psychiatry. 2015 Dec;23(12):1290-1296. doi: 10.1016/j.jagp.2015.06.005 Its of direct relevance but my knowledge of this paper is because I am one of the authors, so clearly have an interest to declare on this point! The authors may well be aware of this paper and have decided against citing it, which is obviously fine. I also declare that I am the first author cited in reference 10.

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: Yes: Demetrios Vavvas

Reviewer \#2: Yes: Dr Michael Williams

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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PONE-D-19-17299 

Comorbidity of age-related macular degeneration with Alzheimer's disease: A histopathologic case-control study  We would like to thank the Academic Editor and the reviewers for taking the time to evaluate our manuscript and for their thoughtful, constructive comments. As requested, we have revised the manuscript. Below we detail our "point by point" responses to the reviews and we indicate the location of the modified material in the revised manuscript.  If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

N/A   To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

N/A

1\. When submitting your revision, we need you to address these additional requirements.

Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at [http://www.journals.plos.org/plosone/s/file?id=wjVg/PLOSOne_formatting_sample_main_body.pdf and http://www.journals.plos.org/plosone/s/file?id=ba62/PLOSOne_formatting_sample_title_authors_affiliations.pdf](http://www.journals.plos.org/plosone/s/file?id=wjVg/PLOSOne_formatting_sample_main_body.pdf and http://www.journals.plos.org/plosone/s/file?id=ba62/PLOSOne_formatting_sample_title_authors_affiliations.pdf)

2\. We would be grateful if you could clarify whether the information included in the Supporting Information has been published previously, and if so, whether you have permission of the original copyright holder to reproduce these tables and images. If this information has been published previously we ask that you remove this information and include a relevant citation to the previous publications.

The tables included in the Supporting Information contain content that was previously published in the manuscripts referenced under 23-25. These references are cited appropriately in the Methods section (lines 115-120). The tables in the Supporting Information section were removed.

 3. Please provide additional details regarding participant consent. Please state whether this was obtained from patients before death and/or from the next of kin. In the Methods section, please ensure that you have specified (1) whether consent was informed and (2) what type you obtained (for instance, written or verbal). If the need for consent was waived by the ethics committee, please include this information. Please also explain why the requirement for consent was waived.

The need for participant consent was waived by the Duke IRB for this decedent research, as all research subject are deceased, and all personal health information (PHI) was used solely for research and was not disclosed to anyone outside the Duke University without removing all identifiers.

This information was added to the Methods section (lines 135-139).

4\. We note that Figure 1 in your submission contain copyrighted images. All PLOS content is published under the Creative Commons Attribution License (CC BY 4.0), which means that the manuscript, images, and Supporting Information files will be freely available online, and any third party is permitted to access, download, copy, distribute, and use these materials in any way, even commercially, with proper attribution. For more information, see our copyright guidelines: <http://journals.plos.org/plosone/s/licenses-and-copyright>.

We require you to either (1) present written permission from the copyright holder to publish these figures specifically under the CC BY 4.0 license, or (2) remove the figures from your submission:

1.    You may seek permission from the original copyright holder of Figure 1 to publish the content specifically under the CC BY 4.0 license.

We recommend that you contact the original copyright holder with the Content Permission Form (<http://journals.plos.org/plosone/s/file?id=7c09/content-permission-form.pdf>) and the following text:

"I request permission for the open-access journal PLOS ONE to publish XXX under the Creative Commons Attribution License (CCAL) CC BY 4.0 (<http://creativecommons.org/licenses/by/4.0/>). Please be aware that this license allows unrestricted use and distribution, even commercially, by third parties. Please reply and provide explicit written permission to publish XXX under a CC BY license and complete the attached form."

Please upload the completed Content Permission Form or other proof of granted permissions as an \"Other\" file with your submission.

We uploaded, as an "Other" file the rights license document granting permission to publish Figure 1 and the email confirmation from the copyright holder, SpringerNature. The copyright holder noted that, per legal department advice, SpringerNature is unable to sign any outside forms such as the Content Permission Form. However, the email communication states that we are able to reuse the figure in an open access publication under the Creative Commons Attribution License (CCAL) CC BY 4.0 with appropriate reference to the source in the figure legend.

In the figure caption of the copyrighted figure, please include the following text: "Reprinted from \[ref\] under a CC BY license, with permission from \[name of publisher\], original copyright \[original copyright year\]."

This text was included under lines 151-2.

2.    If you are unable to obtain permission from the original copyright holder to publish these figures under the CC BY 4.0 license or if the copyright holder's requirements are incompatible with the CC BY 4.0 license, please either i) remove the figure or ii) supply a replacement figure that complies with the CC BY 4.0 license. Please check copyright information on all replacement figures and update the figure caption with source information. If applicable, please specify in the figure caption text when a figure is similar but not identical to the original image and is therefore for illustrative purposes only.

N/A

5\. Please include captions for your Supporting Information files at the end of your manuscript, and update any in-text citations to match accordingly. Please see our Supporting Information guidelines for more information: <http://journals.plos.org/plosone/s/supporting-information>.

 N/A. The Supporting Information was removed, per \# 2 above.   Additional Editor Comments:  This manuscript presented a retrospective pathology-based case-control study which investigates whether there is association between Alzheimer\'s disease (AD) and age-related macular degeneration (AMD). The study did not find a statistically significant association between AD and AMD and suggested that any shared characteristics between the two disease may be nondeterministic. This work received favorable review from expert reviewers and minor revision is recommended to address the issues raised by the reviewers.   Reviewers\' comments:  Reviewer\'s Responses to Questions  Comments to the Author  1. Is the manuscript technically sound, and do the data support the conclusions?  The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.   Reviewer \#1: Partly  Reviewer \#2: Yes

 2. Has the statistical analysis been performed appropriately and rigorously?   Reviewer \#1: I Don\'t Know  Reviewer \#2: Yes

 3. Have the authors made all data underlying the findings in their manuscript fully available?  The PLOS Data policy requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.  Reviewer \#1: Yes  Reviewer \#2: Yes

 4. Is the manuscript presented in an intelligible fashion and written in standard English?  PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.  Reviewer \#1: Yes  Reviewer \#2: Yes

 5. Review Comments to the Author  Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)  Reviewer \#1: This is study on a very important question in the field of neurodegeneration both for AMD and for Alzheimer. The study is rather well done and the literature review and context placement is very well done. The authors note the limitations very well which are unavoidable in a study for this nature that requires brain and eye autopsy specimens. Thus despite the limitations this study adds significantly to our knowledge. One additional control that may be added is that of a the AMD prevalence in a cohort of controls patients form the electronic data record with the same demographics as the AD autopsy group to cover for the imbalances noted by the authors in their control group. Of course this will have its own limitations but it will be nice to know this information if possible. Thank you

We would like to thank the reviewer for the very supportive comments.

In order to attempt to fulfill this request, we completed a Duke Enterprise Data Unified Content Explorer (DEDUCE) search of the electronic data records from all normal, control patients seen at the Duke Medical Center over the past 37 years with the same demographics as the AD autopsy group (aged 75 and above). We found a number of 486,395 patients. Among these subjects, only 12,140 also carried the diagnosis of AMD, consistent with a prevalence of 2.49%, which is much lower and not consistent with estimates from prior studies (references 1, 27). This reflects the fact that only a minority of patients were seen at Duke Eye Center for a dilated examination that would allow a diagnosis of AMD to be made. A true prevalence of AMD in this population would only be possible if only the patients that received both a dilated eye examinations at Duke and a neurocognitive evaluation to evaluate AD were considered in this analysis. Unfortunately, these numbers are not available to us at this time. The reviewer's astute suggestion was added to the Discussion section as an important future direction (lines 372-375):

"To control for the imbalances in demographics and comorbidities noted between the AD and non-AD group, a future direction would be the calculation of the AMD prevalence from the electronic data in a cohort of control patients record with the same demographics as the AD group."

 Reviewer \#2: This paper is a clearly written description of a methodologically rigorous study on an important topic. As the authors outline, the use of often elusive histopathological diagnoses makes this paper an impactful contribution to the field. It contains sufficient statistical information in general (though I wonder why the test statistic was given for chi-squared tests but not for t-tests), and thoughtful reflection in the discussion.

We thank the reviewer for the positive and constructive feedback.

The point on the test statistic is well taken, and for completeness, we are now reporting the test statistic for t-tests and z-tests in addition to chi-squared tests.

I commend this write up as an excellent example of being as close to publication-ready as a submission can be. Well done! - On page 15, line 310, change \"Alike\...\" to \"Like\...\" or similar.

"Alike" was replaced with "Similar to" - Some figures - if cost and space allow, which they may not - of examples of the histopathological findings would be engaging. Not essential.

While a figure showcasing histopathological examples of stages of AMD and AD would be indeed engaging, this is not feasible due to the many panels necessary and current space limitations. However, we believe that the diagram in Figure 1 concisely illustrates the Sarks stages of AMD, and the definitions of Braak and Braak stages are included in the Methods section.

\- In the section, at the end of pages 14 and beginning of page 15, on the lack of shared polymorphisms between AMD and AD, consider citing this: Am J Geriatr Psychiatry. 2015 Dec;23(12):1290-1296. doi: 10.1016/j.jagp.2015.06.005 Its of direct relevance but my knowledge of this paper is because I am one of the authors, so clearly have an interest to declare on this point! The authors may well be aware of this paper and have decided against citing it, which is obviously fine. I also declare that I am the first author cited in reference 10.

We appreciate this suggestion and have now cited this informative reference.

###### 

Submitted filename: Response to Reviewers.docx

###### 

Click here for additional data file.
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We are pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it complies with all outstanding technical requirements.

Within one week, you will receive an e-mail containing information on the amendments required prior to publication. When all required modifications have been addressed, you will receive a formal acceptance letter and your manuscript will proceed to our production department and be scheduled for publication.

Shortly after the formal acceptance letter is sent, an invoice for payment will follow. To ensure an efficient production and billing process, please log into Editorial Manager at <https://www.editorialmanager.com/pone/>, click the \"Update My Information\" link at the top of the page, and update your user information. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.
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Additional Editor Comments (optional):

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#1: All comments have been addressed

Reviewer \#2: All comments have been addressed

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: (No Response)

Reviewer \#2: Thank you for addressing all the comments made, congratulations on this informative study and write up

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: Yes: Demetrios G Vavvas

Reviewer \#2: Yes: Dr Michael Williams
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